Introduction: Only two studies investigated the associations between peak width of skeletonized mean diffusivity (PSMD) and age-related cognitive alterations, whereas none of the studies investigated the association with vascular risk factors. Methods: We evaluated 801 stroke-and dementia-free elderlies with baseline and 3-year follow-up assessments. Regression analyses were used to assess the association between age-related cognitive functions and PSMD. Simple mediation models were used to study the mediation effect of PSMD between vascular risk factors and age-related cognitive outcomes. Results: PSMD was negatively associated with processing speed at baseline and negatively associated with processing and memory scores at 3-year follow-up. The association between vascular risk factors and age-related cognition was mediated by PSMD, as well as other diffusion tensor imaging markers. Discussion: PSMD is preferred over other diffusion tensor imaging markers as it is sensitive to agerelated cognitive alterations and calculation is fully automated. PSMD is proposed as a research tool to monitor age-related cognitive alterations.
Background
Cognition and cognitive health are matters not only in older adults but across the life span. Cognitive aging includes age-related changes in multiple cognitive domains such as processing speed, memory, and executive functions that may decline, not change, or improve. These changes are not clinically defined neurological or psychiatric disease and do not inevitably lead to neuronal death and neurodegenerative disease. However, cognitive aging may pose an impact on functional abilities, such as driving, making financial and health care decisions, and independence [1] [2] [3] . Cognitive aging is not easily defined by a clear threshold on cognitive tests due to variability in culture, education level, and other environmental factors. Although it is known that cognitive aging is associated with modifiable risk factors such as vascular risk factors and structural and functional brain changes, there is still a large gap in the understanding of the biological foundations of cognitive aging. A better understanding of the profiles of cognitive aging will assist us to identify those who may be at risk of cognitive decline in older adults.
Advances in neuroimaging allow us to examine the relation between cognition and the neural substrates in aging. Age-related decline in the white matter varies across different brain regions. Similar to the gray matter changes, there is a greater decline in the frontal areas in the anterior and superior brain regions, which might reflect later development of myelination in these regions in older adults [4] . Interestingly, white matter volume declined disproportionately more than gray matter in normal aging in older adults [5] .
Diffusion tensor imaging (DTI), which measures the microstructural integrity of cerebral white matter, provides a unique perspective on cognition in normal healthy aging. A novel DTI marker, the peak width of skeletonized mean diffusivity (PSMD), was introduced [6] . PSMD combined two processing techniques for DTI data, skeletonization, and histogram analysis. Furthermore, it is fully automated, robust, and simple to administer. PSMD overcomes issues that traditional DTI parameter, such as mean diffusivity (MD), poses; for example, extensive data postprocessing for the removal of prominent cerebrospinal fluid signal from MD images. PSMD did not only allow a more straightforward and fully automated measure of white matter integrity but was also shown to be superior over conventional MRI small vessel disease (SVD) markers in evaluating processing speed among symptomatic sporadic and genetically defined SVD [6] .
To date, two independent studies have applied PSMD on community healthy elderlies and measure the association between PSMD and multiple cognitive domains. One study showed PSMD significantly associated with processing speed in those with white matter lesions or cognitive impairment only but not in healthy controls [7] . Another study showed PSMD in a community cohort found a significant association between PSMD and processing speed, as well as visuospatial, memory, and general cognition. However, PSMD did not outperform other imaging measures in the community cohort [8] . Because there were mixed findings on the application of PSMD and cognition in community elderlies, we aim to better understand cognitive aging by investigating the clinical and imaging risk factors for cognitive aging in a large community cohort. Finally, the cooccurrence of vascular risk factors affected late-life white matter integrity changes [9] . However, there is no study investigating how vascular risk factors pose influences on cognition through the promising DTI marker PSMD.
In this present study, we further explored the utility of PSMD in a large cohort of community-dwelling stroke-and dementia-free elderlies. The objectives of this study are to investigate (1) the association between PSMD and agerelated cognitive functions in the community elderlies at baseline; (2) the association between PSMD and age-related cognitive functions at 3-year follow-up; and (3) the mediation effects of PSMD between classical vascular factors (e.g., hypertension, smoking, etc.) and age-related cognitive functions.
Methods
This is a prospective 3-year longitudinal study. This study is part of the "Brain Health Brings Health" Programme of the Division of Neurology at the Chinese University of Hong Kong. The work described was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and was approved by the Joint Chinese University of Hong Kong-New Territories East Cluster Ethics Committee (ethics approval reference number: CRE-2011.090). Written informed consent was obtained from all patients (or carers of patients) participating in the study.
Study population
Subjects were identified from a community-based cohort called the Chinese University of Hong Kong-Risk Index for Subclinical brain lesions in Hong Kong (CU-RISK), which aims to derive a risk index consisting of cognitive, motor, behavioral, vascular, and metabolic measures that may predict the presence of subclinical SVD lesions among healthy community-dwelling elderlies. Details of the inclusion criteria of CU-RISK were as follows: (1) aged 65-85 years old; (2) Chinese ethnicity; and (3) functionally independent (Barthel index 18). Exclusion criteria were as follows: (1) history of stroke or TIA; (2) dementia according to Diagnostic and Statistical Manual of Mental Disorders, 4th edition or any cognitive symptoms that were severe enough to cause the subjects to seek medical attention; (3) obtaining a Mini-Mental State Examination score lower than the education-adjusted cutoff for cognitive impairment. The locally validated education-adjusted cutoff was as follow: ,22 for those with more than 2 years of education, ,20 for those with 1-2 years of education, and ,18 for those with no schooling [10] ; (4) severe medical illnesses (e.g., malignancy, end-stage renal diseases); (5) contraindication for MRI (e.g., claustrophobia, metallic implants); and (6) excessive head movements or poor MRI quality for analysis.
Data collection

Clinical and neuropsychological assessments
Clinical demographics and medical history were taken from the subjects. Clinical risk factors to be measured include age, gender, education, the presence of hypertension, diabetes mellitus, hyperlipidemia, ischemic heart disease, atrial fibrillation, and smoking status. Patients were labeled as having hypertension if they had a history of hypertension or were using antihypertensive medication. For more details, please refer to the Supplemental Material.
The Mini-Mental State Examination was used as a measure of general cognitive functions during subject recruitment [11] . Memory and executive function were measured by the respective subscores on the Montreal Cognitive Assessment (MoCA) [12, 13] , whereas processing speed was measured using the Symbol Digit Modalities Test [14] .
Imaging assessments and variables of interest
Subjects underwent MRI in a 3 Tesla scanner (Achieva 3.0 T Tx series; Philips Medical System, Best, the Netherlands). Images were required using an 8-channel receiver-only head coil. Sequences acquired include T1weighted, T2-weighted, flair-attenuated inversion recovery (FLAIR), diffusion tensor imaging (DTI), and T2*gradient echo (GRE). Most of the subjects (n 5 771) underwent scanning protocol 1, detailed as follows: T1-weighted (TR/TE: 7.49/3.46 ms, reconstructed voxel size: 0.60!1.04! 1.04 mm 3 ); T2-weighted (TR/TE: 2743.89/80 ms, reconstructed voxel size: 5.5!0.22!0.22 mm 3 ); 3D FLAIR (TR/TE/TI: 8000/328.6/2400 ms, reconstructed voxel size: 0.55!0.44!0.44 mm 3 ); DTI (TR/TE: 8944/60 ms, reconstructed voxel size: 1!1!1 mm 3 ; b-value 5 1000, 32 diffusion directions); T2*GRE (TR/TE: 18/26 ms, reconstructed voxel size: NA). A small portion of subjects (n 5 33) underwent scanning protocol 2. The main difference between the protocols was that a 3D FLAIR was used in protocol 1 while a 2D FLAIR was used in protocol 2. For more information, please see Table 1 .
PSMD was calculated using a publicly available (http:// psmd-marker.com) script based on (1) DTI sequence on MRI; (2) white matter tract skeletonization (as implemented in the FMRIB software library v5.0-tract-based spatial statistics); (3) a custom mask to exclude regions prone to CSF contamination; and (4) histogram analysis of mean diffusivity values within the skeleton [6] . For details of PSMD postprocessing, please refer to the Supplemental Material. In addition, other diffusion parameters, such as the median fractional anisotropy (FA), median MD, were also generated using the DTIFIT (FMRIB software library v5.0) and the same custom mask used in the calculation of PSMD.
Conventional imaging markers which included (1) WMH, (2) lacunes, (3) microbleeds, (4) brain volume [15] , and (5) hippocampal volume corrected with intracranial volume was also measured [16] . For more details, please refer to the Supplemental Material.
Statistical analysis
The associations between imaging risk factors and cognitive functions were examined using linear regression. Several regression models were generated, each with three predictors: the variable of interest, age, and education. For regression models examining the association between follow-up cognitive scores and imaging, age, education, and baseline cognitive score were entered as covariates. As we have performed regression models on 3 dependent variables, the independent variable entered into the regression model was only regarded as significant if P ,.017, corrected for multiple comparisons using Bonferroni correction. Simple mediation model was performed and included age and education as covariates. All analyses were performed using IBM SPSS (IBM Corp. Released 2016. IBM SPSS Statistics for Mac OS, Version 24.0. Armonk, NY: IBM Corp). 
Results
In the CU-RISK study, 851 elderlies fitted the study criteria and were assessed using clinical, neuropsychological tests, and underwent MRI procedures. A total of 831 subjects had completed postprocessing and successful imaging registration for WMH volumetric measure, whereas 801 subjects had completed diffusion scans and postprocessing of PSMD and were included in the final analysis (see Fig. 1 ). The clinical demographics, clinical, and neuroimaging characteristics of the subjects were shown in Table 2 .
Follow-up assessments were conducted on 515 subjects at 3-year follow-up (3.3 6 0.3 years). Clinical and cognitive assessments that were similar to baseline assessments were performed. The median time difference between baseline clinical assessment and MRI scan was 5.0 6 4.9 months. The clinical and imaging characteristics of the subjects who had completed follow-up compared to those who were lost to follow-up were presented in eTable 1.
Association between imaging markers and cognitive functions at baseline
At baseline, PSMD (standardized b 5 20.089; P 5.001), other DTI parameters (median FA: standardized b 5 0.122; P , .0001; median MD: standardized b 5 20.105; P , .0001), and brain parenchymal fraction (standardized b 5 0.072; P 5 .010) were associated with processing speed. Furthermore, median MD (standardized b 5 20.104; P 5 .002), microbleed count (standardized b 5 20.078; P 5 .016), and hippocampal ratio (standardized b 5 0.113; P , .0001) were associated with MoCA memory. All regression models were adjusted for age and education. A P value of ,.017 was considered statistically significant after Bonferroni correction (see Table 3 ).
Association between imaging markers and cognitive functions at follow-up
At follow-up, baseline PSMD (standardized b 5 20.071; P 5 .003), median FA (standardized b 5 0.075; P 5 .001), and brain parenchymal fraction (standardized b 5 0.109; P , .0001) were associated with year 3 processing speed scores. In addition, baseline PSMD (standardized b 5 20.107; P 5 .009), median FA (standardized b 5 20.099; P 5 .014), and the brain parenchymal fraction (standardized b 5 0.131; P 5 .003) were also associated with year 3 MoCA memory. The 3rd year follow-up absolute cognitive score was used in the analyses, instead of the change in score due to the changes of cognitive scores in these community subjects being relatively mild. All regression models were adjusted for age, education, and baseline cognitive score (see Table 4 ).
Mediation effects of imaging markers between vascular risk factors and cognitive functions
Simple mediation tests showed that the association between vascular risk factors and baseline cognition was mostly mediated by DTI metrics (PSMD, median FA, and median MD). In particular, PSMD showed mediation effects between Other non-DTI markers, such as the brain parenchymal fraction and hippocampal volume, did show a significant association between vascular risk factors and cognition functions but the mediation effects were smaller compared with the DTI markers (see Fig. 2 ). 
Discussion
This study measured the association between the novel DTI marker, PSMD, and multiple cognitive domains (processing speed, memory, and executive function) in a large longitudinal community-based cohort with stroke-and dementia-free elderlies. It is also the first to examine the mediation effects of PSMD between age-related cognition and vascular risk factors. This study highlights that PSMD was associated with cognition (processing speed and memory) in community subjects at both baseline and follow-up, after adjusting for age and education. More specifically, PSMD was negatively associated with processing speed at baseline. At the 3rd year follow-up, baseline PSMD was negatively associated with both the processing and memory scores. In general mediation models, DTI parameters were consistently shown to be a mediator between vascular risk factors and cognition. In particular, PSMD illustrated the greatest mediation effect between smoking and processing speed, as well as smoking and MoCA memory. Although PSMD was associated with cognitive performance, as well as showing a mediation effect between vascular risk factors and cognition, these associations were not exclusive to PSMD, nor did we demonstrate that PSMD outperforms other DTI markers. However, these results corroborated the contribution of white matter disruption to these age-related cognitive alterations.
Although most associations were found between DTI markers and cognition, we have included conventional imaging markers in this study for comparison. Normalized brain volume was also positively associated with processing speed scores at baseline. Further analysis illustrated the positive association between normalized brain volume and processing speed was mediated by PSMD (indirect effect (B) 5 6.83; bootstrap 95% CI 5 1.48 to 12.53). The baseline microbleed count was negatively associated with memory function. However, the results were mainly driven by a few outliers as the association between microbleed and memory became not significant after the outliers were removed. Considering that this is a community-based study, we tend to accept some variability in the sample; therefore, all subjects were included in the final analysis. Although it is not surprising to see a positive association between hippocampal size and memory function in Alzheimer's disease patients, this positive association in healthy older adults was also reported in a previous meta-analysis [17] .
When examining follow-up analyses, DTI markers were strongly associated with follow-up processing speed and memory scores. Normalized brain volume was also positively associated with follow-up 3rd year follow-up processing speed scores and memory. We have further demonstrated that the positive association between normalized brain volume and the follow-up processing speed was mediated by PSMD (indirect effect (B) 5 9.38; bootstrap 95% CI 5 2.38 to 17.15) . It must be noted that the absolute cognitive scores from baseline and the 3rd year follow-up was used, instead of the "change in score" due to the changes of cognitive scores in these community subjects being relatively mild. For example, the processing speed scores did not differ between the two time points (P 5 .46). Therefore, PSMD was not able to detect a change in processing speed score over time. We have, therefore, adjusted for baseline cognitive scores in the regression models examining the association between 3rd year follow-up cognitive scores and imaging risk factors. The negative associations between PSMD and year 3 processing speed, as well as PSMD and year 3 MoCA memory, remain statistically significant.
Interestingly, DTI markers illustrated the strongest mediation effects between vascular risk factors such as hypertension, diabetes mellitus, smoking, and hyperlipidemia and agerelated cognitive functions. This proposed that vascular etiology plays an important role in normal cognitive aging and that Abbreviations: MoCA, Montreal Cognitive Assessment; PSMD, peak width of skeletonized mean diffusivity; FA, fractional anisotropy; MD, mean diffusivity; WMH, white matter hyperintensity; ICV, intracranial volume. this was mediated by the disruption of brain white matter as reflected on DTI. The association between DTI and vascular etiology was also shown in previous studies. In particular, PSMD was associated with small vessel disease but not neurodegeneration [6] . One study showed hypertension was associated with a decline in FA and that DTI was the most sensitive indicator of global and regional declines and vascular damage in the aging brain [18] . Another longitudinal study showed that multiple vascular risk factors were associated with DTI metrics (a decrease in FA in the splenium of the corpus callosum) over 3 years in a community study [9] . Our present study suggested that the novel DTI marker, PSMD, as well as other DTI markers such as FA and MD, outperforms other markers in reflecting subtle cognitive alterations and vascular risk factors in community subjects.
In recent years, the utility of DTI in clinical studies has gained special attention. DTI, in particular, the PSMD, has been proposed to be a clinical trial marker for SVD as it is a sensitive marker for cognition and change in white matter integrity over time [6, 19] . The added value of DTI on the association with cognitive function in SVD has been reported. In community cases with stroke-and dementia-free cases, DTI also illustrated greater association with cognitive functions compared to conventional imaging markers [9, [20] [21] [22] . Our results showed DTI was the main contributor to cognitive alterations in processing speed and memory in the community subjects. We speculate that DTI is particularly useful in reflecting overall disease burden in community subjects while the contribution of other conventional imaging markers may become more significant when it becomes more severe or diffuse. More importantly, we have demonstrated that PSMD, the novel DTI marker with custom mask and skeletonization, has a strong association in relating cognitive alterations in community subjects, both at baseline and at 3rd year follow-up. In addition, PSMD mediated the association between vascular risk factors and normal cognitive aging. Although these findings were present in DTI markers in general, not only exclusive to PSMD, the simple and automated approach of PSMD promotes the broader application of this novel marker in clinical research. PSMD overcomes the challenges of traditional DTI marker including extensive data postprocessing for the removal of prominent cerebrospinal fluid signal from MD images. Furthermore, PSMD has also shown to have the highest interscanner reproducibility in multicenter studies, as well as smallest sample size estimates, compared to other MD measures [6] . Therefore, PSMD, which is closely associated with vascular risk factors, as well as a sensitive tool in monitoring agerelated cognitive alterations, is a proposed research tool in the monitoring of cognitive alterations in the healthy aged community elderlies.
The strengths of this study included the prospective design of a large community-based cohort study, with longitudinal follow-up of a 3-year interval. All subjects were recruited in the same center and scanned under the same MRI scanner, which minimized the deviations in scanning NOTE. This table shows the regression analyses between imaging variables and cognitive functions in community elderlies at baseline. Independent variable entered into the regression model was only regarded as significant if P ,.017, corrected for multiple comparisons using Bonferroni correction. PSMD and MD were adjusted to 10 24 mm 2 /s. Abbreviations: MoCA, Montreal Cognitive Assessment; PSMD, peak width of skeletonized mean diffusivity; FA, fractional anisotropy; MD, mean diffusivity; WMH, white matter hyperintensity; ICV, intracranial volume. NOTE. This table shows the regression analyses between imaging variables and cognitive functions in community elderlies at follow-up. Independent variable entered into the regression model was only regarded as significant if P ,.017, corrected for multiple comparisons using Bonferroni correction. PSMD and MD were adjusted to 10 24 mm 2 /s. Abbreviations: MoCA, Montreal Cognitive Assessment; PSMD, peak width of skeletonized mean diffusivity; FA, fractional anisotropy; MD, mean diffusivity; WMH, white matter hyperintensity; ICV, intracranial volume. protocol or neuropsychological test administration. However, there are certain limitations to this study. First, participants recruited for this study were community subjects without apparent cognitive complaints. The association between imaging markers and clinical symptoms might be weak and might not reflect the true magnitude of the association between these markers. However, because associations between PSMD and age-related cognitive alterations have been identified, this suggests PSMD is an imaging marker sensitive enough for detecting age-related cognitive decline in community subjects despite the weak associations. Second, only brief cognitive tests (e.g., MoCA and its subscores) were used. A more detailed neuropsychological battery might be able to show an association between PSMD and other cognitive functions. Yet, the significant association between PSMD and memory using a crude MoCA subscore highlighted the sensitivity of PSMD. Third, although none of the recruited subjects were under medical investigation or management of cognitive complaints, possibly some subjects might have undiagnosed mild cognitive impairment. Yet overall, the clinical impairment, if present, should not be severe enough to impair daily functioning. Fourth, we cannot completely rule out the contribution to cognitive deficits from other common neurodegenerative diseases (e.g., AD) as we did not collect biomarkers for AD (e.g., Apolipoprotein E in blood, Ab/tau in cerebrospinal fluid, amyloid/ tau positron emission tomography). However, an increase in PSMD has shown to be associated with the vascular component but not neurodegeneration [6] . Fifth, we investigated the association between the global WMH volume and total number of lacunes and microbleeds with cognitive performance but did not investigate the lesions located in the strategic regions for the cognitive alterations. This may underestimate the cognitive impact that is dependent on lesion location [23, 24] .
It is well accepted that cognitive tests are insensitive to longitudinal change while DTI marker has shown to be more sensitive in predicting longitudinal changes [25, 26] . We plan to acquire serial imaging to capture progression of brain changes, parallel to the cognitive changes. This study sets the basis for our future direction to investigate the association between longitudinal changes of PSMD and cognition, and to measure the sensitivity of PSMD in reflecting longitudinal cognitive changes or other clinical events (e.g., stroke, parkinsonism, depression) and whether it can be used to predict the development of conventional imaging markers (e.g., lacunes, WMH, microbleeds).
Our study revealed two important findings. First, PSMD was a sensitive marker to detect age-related cognitive alterations in community elderlies at both baseline and 3rd year follow-up. Second, PSMD mediated the associations between vascular risk factors and age-related cognitive aging. We concluded that vascular etiology plays an important contribution to normal cognitive aging and PSMD can be included as a research tool in the monitoring of brain alterations in community elderlies.
